We have developed a type of surface sensitive x-ray spectroscopy, which is called total reflection x-ray spectroscopy (TREXS). As x-ray absorption fine structure (XAFS) spectroscopy is used to study many materials, TREXS provides structural and electronic information with the surface sensitivity of ⇠2-3 nm, and will be a powerful method to study surfaces. It is required, however, to observe surface chemical species to understand surface chemical reactions more comprehensively. Infrared reflection absorption spectroscopy (IRRAS) is suitable to detect surface chemical species, and the multi-modal surface research equipment of TREXS combined with IRRAS has been developed. The performance of the developed equipment was confirmed by measuring TREXS and IRRAS spectra for the NiO/Ni(30 nm)/Si and Ni(30 nm)/Si samples. The equipment can be applied to study various surface chemical reactions under gaseous conditions.
INTRODUCTION
X-ray absorption fine structure (XAFS) spectroscopy is one of the most widely used synchrotron radiation based methods to study local structures and electronic states of materials. To observe chemical reactions, in situ XAFS methods are useful by using specially designed in situ cells and equipment with time-resolved measurement techniques [1, 2, 3, 4] . . In particular, x-ray absorption near edge structure (XANES) spectra, which are near edge regions of XAFS spectra, are suitable to track chemical reactions because they reflect electronic structures of materials. However, XAFS is usually bulk sensitive, and cannot be applied to study surface phenomena or reactions.
We have developed a type of surface sensitive x-ray spectroscopy, which is called total reflection x-ray spectroscopy (TREXS). Reflection spectra are recorded in total reflection conditions, and the total reflection spectra are transformed to XAFS spectra through Kramers-Kronig relations. Similar methods were reported by several groups [5, 6, 7, 8] . In addition, progresses of surface chemical reactions can be easily monitored by analyzing near edge regions of total reflection spectra. A surface reduction reaction of surface NiO layer to Ni metal was observed with the surface sensitivity of 2-3 nm [9] . The reaction was observed by using a in situ cell designed for TREXS measurements. Reductive gas was flowed into the in situ cell, which was a mixture of 30 sccm H 2 and 90 sccm N 2 . The study clearly showed reduction of NiO to Ni, but behaviors of oxygen species have not been unveiled.
Surface chemical reactions can be understood more comprehensively, when surface chemical species are also studied in addition to surface metal species. It is a way to observe vibrational states of surface chemical species by infrared reflection absorption spectroscopy (IRRAS) under the same condition as TREXS is performed.
In this contribution, we present a development of multi-modal surface research equipment by combining TREXS with IRRAS to understand surface chemical reactions more comprehensively. TREXS monitors surface metal species as written above, and IRRAS detects vibrational behaviors of surface chemical species. The combined experimental setup enables us to investigate surface chemical reactions under gaseous conditions in a multi-modal way.
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AIP Conf. Total reflection spectra were measured by using the stages setting the incident angle below the critical angle of Ni. The total reflection critical angle of Ni is ⇠7 mrad in the energy range [10] . The incident angle was set to be ⇠3.2 mrad, which is well below the critical angle, and the penetration depth of the evanescent wave is as small as about 2 nm. Under the same condition as TREXS was performed, IRRAS spectra were recorded.
RESULTS AND DISCUSSION
A multi-modal surface research equipment has been developed by combining TREXS with IRRAS. The schematic image is shown in Fig. 1 . TREXS reveals chemical states and local structures of surface metal species, while IRRAS identifies functional groups typically consisting of organic elements by observing vibrational modes of bonds in surface chemical species. TREXS combined with IRRAS will be a powerful tool to investigate surface chemical reactions. The VIR-200 and MCT detector made by JASCO Corporation were used for IRRAS measurements. The IRRAS measurement apparatus was mounted on the base plate, where samples were set. The base plate was mounted on Z-and swivel stages so that the incident angle of x-ray can be adjusted. The geometry between samples and the IRRAS system will be kept once they are set, even when the incident angle of x-ray is changed by moving the swivel stage.
FIGURE 1.
A schematic image of a multi-modal surface research equipment. TREXS measurements can be performed at a usual XAFS beamline by using Z-and swivel stages to adjust the x-ray incident angle. An IRRAS measurement apparatus was installed to the TREXS setup.
A new TREXS in situ cell was designed, and has been manufactured by Metal Technology Co. Ltd. The drawings of the cell are shown in Fig. 2 . The cell is supported by four bolts The height of the cell from the base plate is adjustable by the nuts on the four bolts in order to align the sample position with the infrared beam axis. Reaction gas can be flowed into the cell through the pipes of front and back sides. The sample temperature is controlled by a heater and thermo-couple located just below the sample position.
TREXS and IRRAS spectra were measured, and are shown in Fig. 3(a) and (b), respectively. Solid lines denote the NiO/Ni(30 nm)/Si wafer, and dashed lines the Ni(30 nm)/Si wafer.
The TREXS spectra shown in Fig. 3(a) exhibit spectral features of Ni and NiO. The edge of Ni is located at lower energy than that of NiO. NiO shows a sharp main peak at ⇠8347 eV. These features at the near edge region of TREXS spectra are similar to those of XANES. Thus, TREXS spectra can detect electronic structures of materials and identify them by their specific spectral features. The IRRAS spectra were measured for the same samples, and are shown in Fig. 3 
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SUMMARY
The multi-modal surface research equipment of TREXS combined with IRRAS have been developed. Those performances were confirmed by measuring the NiO/Ni(30 nm)/Si and Ni(30 nm)/Si samples. The spectral features were clearly observed both by TREXS and IRRAS. The equipment can be applied to study various surface chemical reactions under gaseous conditions by using the original TREXS in situ cell.
Reactions may occur in a multi step way, which proceeds with, for example, adsorption of oxygen, formation of oxygen bonded metal species, migration of the species, and formation of oxide layers. In these steps, the former processes can be mainly detected by IRRAS, and the latter steps can be monitored by both of TREXS and IRRAS. The equipment will be a powerful tool to investigate these multi step reactions occurred from surfaces.
